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Abstract

An analysis is given of the impact of the tokamak divertor magnetic structure on the temporal
and spatial divertor heat flux from edge localized modes (ELMs). Two configurations are
studied: the standard divertor where the poloidal magnetic field (B,) varies linearly with distance
(r) from the magnetic null and the snowflake where B, varies quadratrically with . Both one-
and two-dimensional models are used to analyze the effect of the longer magnetic field length
between the midplane and the divertor plate for the snowflake that causes a temporal dilation of
the ELM divertor heat flux. A second effect discussed is the appearance of a broad region near
the null point where the poloidal plasma beta can substantially exceed unity, especially for the
snowflake configuration during the ELM; such a condition is likely to drive additional radial
ELM transport.
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1. Introduction

Material surfaces surrounding fusion devices must accommodate the large steady-state
plasma heat exhaust that is localized spatially, typically near the intersection of the magnetic
separatrix and the divertor plate. In addition, an abrupt release of plasma with very high heat
flux of limited duration can occur from edge-localized modes (ELMs), which produces a
limitation on the acceptable ELM size for future devices including ITER [1]. The ELM
dominantly flows along magnetic fields lines to the divertor plates in a relatively short time
(~ 0.1-1 millisecs). This paper thus analyzes the temporal and spatial characteristics of the ELM
divertor heat flux, first showing that the longer magnetic field length in the snowflake divertor
(SFD) configuration [2] can have substantially smaller peak heat flux rise than a standard X-
point divertor (STD) for the same midplane ELM characteristics. Secondly, it is shown that the
poloidal plasma beta (f3,) is larger than unity over an extended region near the magnetic null for
the SFD and argued that this condition indicates strong plasma convection with radial spreading
of the ELM energy [3]. (In SI units, /3’p=2‘uoP/Bp2 for plasma pressure P, poloidal magnetic field
B,, and vaccum permeability uy.) There are experimental results from the TCV device showing
that the SFD has significant impact on ELM characteristics [4], including recent observations of

reduced peak heat flux [5].

The potential to seriously damage the divertor material depends on both the time over which
the energy is deposited and the radial width of the energy pulse. The first effect depends on the
increased length, L, of the magnetic field line between the midplane and divertor plate. For a

simple 0D model, the surface temperature rise scales approximately as E.», / 142, where E,, is



the total ELM energy deposited, and tq4 is the deposition time on the surface [1]. Because of the
increased L for the SFD, 14, and the temperature rise will be smaller. Furthermore, for larger tq,
the anomalous radial transport will cause more radial spreading of the ELM energy that lowers

local plate heating. An example of the variation of L with distance from the separatrix for SFD

and STD is shown in Fig. 1 (from Ref. [6], Fig. 8).

The second heat-flux reduction effect considered is the extent of the 3, > 1 region near the
magnetic null point. As discussed in more detail in Ref. [3], the standard plasma equilibrium
maintained by both poloidal and toroidal magnetic fields is not viable when the plasma pressure
substantially exceeds the poloidal magnetic pressure; the toroidal current proportional to B, can
become too small to maintain the equilibrium and local instabilities can also arise. The SFD
yields much larger f, than the STD because of its extended region of low B, and these values

are further enhance during the ELM owing to a larger plasma pressure.
2. Approach and models

The plasma and neutrals are described by the UEDGE fluid transport code operated in both
1D and 2D modes, which includes time-dependent equations for the spatial variation of plasma
and neutral particle densities (n; and ny), parallel (along the total magnetic field, B) velocities (vj;
and vj), electron temperature (7.), and combined ion/neutral temperature (7;) [7]. The
justification of such a fluid model for modeling the ELM temporal response is illustrated by the
results in Ref. [8]. For the one-dimensional (1D) model used here, the variation along B is
simulated using flux-limited classical collisional transport coefficients, and ion/electron energy

exchange is included. Particle recycling of ion/electron pairs into neutrals occurs at bounding



material surfaces with the recycling yield coefficient of R, =0.99, and energy is absorbed at the
boundaries. Multi-step ionization and recombination processes are included. The ELM is
simulated by particle and energy sources switched on for a short time (typically 200 us) and
localized at one end of the domain having symmetry boundary conditions. The second end

corresponds to the divertor plate.

For the case of two spatial dimensions (2D), the full standard and snowflake MHD equilibria
correspond to conceptual double-null device FDF [9] are used for the computational domain. The
cross-field velocities are obtained from an assumed anomalous radial diffusion coefficients of
0.33 m®/s for density and 0.5 m*/s for vj;, 7., and 7;. Other processes are as for the 1D model,
with the pulsed ELM particle and energy source located very near the midplane. The 1D analysis
focuses on the effect of increased connection length L. The 2D model allows evaluation of the
effect of L being a function of distance from the separatrix (see Fig. 1), radial transport, and an

assessment of the size of the 8, > 1 region near the magnetic null point.
3. Results

The results of the 1D model is shown in Fig. 2 for a range of lengths L that can be expected
near the separatrix for the snowflake configuration. The ELM source has a width of 1 m along B
for all cases. The divertor heat flux is composed of ion and electron particles energy, potential
energy released by plate recombination, and radiation (here only from hydrogen). On the plasma
side of the plate sheath, the electron energy deposition dominates earlier in time, but at the plate
itself, the sheath acceleration of ions and retarding of electrons results in the ion channel always

being the dominant energy component. The right-hand panel of Fig. 2 shows the time-integrated



energy deposited. The time for 2 of the energy to arrive begins to scale linearly L for large
values. For a diffusive process (thermal conduction), a scaling with L? is expected, but these
cases quickly reach the flux (or sheath)-limited regime for electron conduction, and both it and

convective transport scale as L as shown, with a transport time of v~ L//(T.+T;)/m;] 2

The 2D results use the flux-surface mesh obtained from the double-null MHD equilibrium as
shown in Fig. 3; note the larger flux-expansion near the magnetic null point for this snowflake-
plus (SFDP) configuration [1]. The SFDP has two nearby magnetic nulls, only one of which is
shown in Fig. 3; it is topologically more stable that the exact snowflake [1] and is more
convenient to study numerically. The ELM is simulated by a particle and energy sources
localized at the outer midplane, and the base case considers a modest ELM of 40 kJ and 1.3x10*°
particles injected over a 200 us period. The heat-flux components for each divertor configuration
are shown in Fig. 4 at 200 us on the divertor surface and include the ion acceleration and
electron retardation through the plasma sheath. The plate recombination component is the
atomic binding energy released upon recombination of ion/electron pairs in the plate. The SFDP
configuration clearly has a broader footprint — by a factor of ~3 with the peak value being 0.40
that of the STD. Part of the increase in the SFDP heat-flux width is due to the magnetic flux
expansion at the plate, which a comparison mapped to the midplane removes. This comparison
of heat-flux mapped to the outer midplane is shown in Fig. 4, together with the radial width of
the ELM source, showing that the SFDP still as about twice the width and 0.67 the peak value of

the STD. The plate comparisons are most relevant to assessing damage to material.



The assessment of 3, is shown in Fig. 5, comparing the SFDP before and during the ELM
with the STD during the ELM. The region inside the white-dashed line has 8, > 1. Because of
the smaller poloidal field for the SFDP, it has a large area with 8, > 1, with the during-ELM
values about a factor of 2 above the pre-ELM values. In contrast, the STD barely achieves
B, =1 even during this modest 40 kJ ELM. From Ref. [3], the relevance of large 8, > 1 is that
magnetic-curvature-driven flute instabilities are no longer stabilized by B,. The resulting flute

mode growth rate is then

T ~ [(0P/9r)/(mmiR)]"?, (1)
where m; is the ion mass, and R is the major radius. Comparing the anticipated turbulence eddy
turn-over time T, to the parallel convection time of the ELM, gives the scaling [3]

T/Te ~ (Br/Bpm)(@*/RA)'? , )

where By, B,,,, and A are the toroidal and poloidal magnetic fields and the ELM width, all at the
midplane, respectively, and a is the minor radius. For case studied here, tj/t. ~ 15, indicating
strong radial spreading during the parallel transit time when 8, >> 1. In addition, the SFD has
two extra divertor legs (nearby, but not shown if Fig. 3), and strong null-region transport can

cause further reduction in the local ELM heat flux by power sharing with the other legs [3, 5].
4. Summary

The results of 1D and 2D simulations show that the peak divertor heat flux from an ELM can
be substantially smaller for the snowflake divertor compared to the standard divertor. The

increased connection length for the SDF causes a temporal dilation of the energy pulse, lessening



the surface heating and allowing more time for radial transport of ELM energy. In addition, the
SDF shows a large region around the null point where f,> 1, especially during the ELM,
indicating that flute instabilities may further spread the ELM energy across field lines. These
results provide a possible explanation for the lower SDF ELM heat flux observed in NSTX and

TCV [5].
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Figure captions

1.  Comparison of normalized magnetic field line lengths for snowflake (heavy line) and
standard divertor (light line) versus normalized distance from the magnetic separatrix; from

Ref. [6], Fig. 8, where the normalization constants are defined.

2. Divertor heat flux versus time with the 1D model for various magnetic field-line lengths

and the time-integrated fraction of the ELM pulse energy reaching the divertor plate.
3. Magnetic flux-surface computational mesh for the standard and snowflake-plus divertors.
4.  Heat-flux profiles in the 2D model at 200 us for the standard and snowflake-plus divertors.

5. Poloidal plasma beta (,) for snowflake and standard divertor cases at times indicated. The

dotted white line corresponds to 3, = 1 contour.
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Figure 3
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Figure 4
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